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ESTLMMION OFSEAl URFACE

INTRODUCTION
One of the techniques used to measure the sea surface temperature (SST) from satellites involves observations of the brightness temperature in the 8-13/L m water vapor window region under cloud-free sky conditions. Allison and Kennedy (1967) , Smith et al. (1970) , Shenk and Solomonson (1972) , Rao et al. (1972) and others have estimated the SST from remote sensing window measurements. The principal advantage with this infrared window is that it can be used both night and day. A second advantage is that low noise equivalent temperature may be attained in radiometric measurements as the terrestrial emission has its peak value in this spectral region.
Several of the earlier attempts to estimate the SST from the window measurements have dealt elaborately with the problem of eliminating cloud contaminated data. The present study does not offer any improvement in this respect.
The problem of correcting the window data for water vapor absorption however, is better resolved in this study.
The brightness temperature, measured from space over a cloud free ocean, in the window is in general lower than the SST. The water vapor absorption is mainly responsible for this effect. In the earlier studies the water vapor attenuation correction is derived from climatological data on water vapor and temperature in the atmosphere. Such climatological corrections can introduce 1 errors as large as 2 0 C in the estimated SST. It is necessary therefore to apply the water vapor correction corresponding to the local vertical distribution of temperature and water vapor to improve the accuracy of the estimated SST.
Such soundings from a remote platform would require elaborate instrumentation and data reduction procedures. Anding and Kauth (1970) , and Price (1973) have examined the usefulness of differential absorption in the window region to correct for the water vapor absorption with soundings of temperature and water vapor. In this study a transmittance model for the water vapor window region is developed which can be used in a simple scheme that does not require temperature and humidity soundings of the atmosphere to estimate SST over cloud free oceans with the help of Nimbus 3 and 4 IRIS measurements. This scheme takes advantage of the differential absorption properties of the water vapor in the spectral region 775 -960 cm -I. With this technique the SST is estimated with an accuracy of about 1C from IRIS measurements.
TRANSMISSION OF WATER VAPOR IN THE 11-13 /,m REGION
It is necessary to model the water vapor absorption in the three spectral regions 775 -831, 831 -887, and 887 -960 cm -' which are used to simulate the broad band radiometer channels for the retrieval of SST. The 1000 -1100 cmregion has been avoided due to the strong ozone absorption. The effects of aerosols are not considered in this investigation.
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The total water vapor transmission in the 11 p m window region may be expressed as
where 7e and 7p are associated with the water vapor continuum and 7 with the water vapor lines.
The laboratory measurements of Bignell (1970) and Burch (1970) show that the water vapor absorption in the 8 -13 /m window region is primarily dependent on the water vapor partial pressure e. This absorption is referred to as "e-type" absorption, one of its characteristics being a strong negative temperature dependence. Water dimer molecules may be responsible for this behavior.
Window radiance measurements made by Platt (1972) with a radiometer on board an aircraft looking down at the sea surface and measurements made by Lee (1973) with a balloon borne radiometer, are consistent with the presence of the e-type absorption in the atmosphere. Nimbus 4 IRIS data reported by Kunde et al. (1974) also confirm this type of absorption. Grassl (1973) derived the magnitude of the aerosol and e-type absorption coefficients in the window region with the help of a ground based radiometer that measured the sky emission.
The absorption coefficients deduced by Grassl are in close agreement with the laboratory data obtained by Bignell and Burch. Grassl also found that in temperate and cold climates, the aerosol absorption can be comparable to the e-type absorption. Wark (1972) , Houghton and Lee (1972) and Prabhakara et al. (1972) 3 have emphasised the importance of "e" type absorption in determining the
SST.
The e-type absorption coefficients in the three channels considered here are obtained from the measurements of Burch (1970) made at a temperature of 296 0 K. These absorption coefficients are assumed to decrease at a rate of 2%
per 1oC (Bignell, 1970) . That is
where ke is the e-type absorption coefficient (g-I cm
2 ), v is the wave number (cm -1 ),
T is the temperature (oK).
The transmission Te is then calculated with the formula
where e is the water vapor pressure (atm), w is the path length of water vapor (g cm-2 ).
The water vapor pressure in the atmosphere is assumed to decrease exponentially with height with a constant scale height. This assumption implies that the mean vapor pressure e in a column of the atmosphere is proportional to the total precipitable amount of water w in that column. That is
where s is a constant.
As a working hypothesis it is assumed that a mean vapor pressure of 3 mb in an atmospheric column of 1 cm 2 corresponds to 1 gram of precipitable water in that column, which means s = 3 (mb g-1 ).
With these numerical values and with the help of equations (2) and (3), we have calculated the transmission Te for different path lengths at two temperatures 2800 K and 3000 K.
The second component of the continuum absorption depends on the total
where kP is the absorption coefficient for the collision broadening in the wings of water vapor lines (g-1 cm 2 ), p is the average pressure of the layer of the atmosphere, weighted according to the distribution of water vapor, assumed to be 850 mb, p 0 is the standard pressure of 1000 mb.
Only upper limits have been inferred from the laboratory data for the value of k,. In this study we have adopted the values of k used by Kunde and Maguire (1974) . This component is only important for low water vapor concentrations (w < 1 g cm-2 ). 5
For the spectral lines, Goody (1954) has listed the line data of Benedict and Kaplan (1959) arranged in 20 cm -1 intervals at three temperatures 2200, 2600
and 300 0 K. These data are used to calculate the average transmission 7t due to spectral lines. A statistical band model with non-overlapping lines, having an exponential line intensity distribution, has been assumed,
where k = S/ is the mean absorption coefficient (g-1 cm 2 ), S is the mean line intensity (g-' cm),
8 is the average line spacing (cm-1), a 0 is the line half width at STP (cm-'), p is 850 mb, pO is 1000 mb.
The absorption coefficients used are listed in Table 1 for two temperatures, 2800 K and 300* K. The various transmission values derived in the three spectral intervals at the two different temperatures are shown in Table 2 . The total transmission at the two temperatures is plotted in figs. la and lb as a function of path length for the three spectral channels. From these figures it is seen that the transmission function to a first approximation is linearly related to the path length up to about 4 grams of precipitable water at both temperatures.
This approximate linearity of the transmission is also obtained when we assume that the line intensity distribution has a form proposed by Godson (1954) . As Table 1 Water vapor absorption coefficients 
where K(v) is an effective absorption coefficient corresponding to the total water vapor absorption and the coefficient E accounts for the temperature dependence of K(v).
The transmission functions derived here are dependent on the assumed water vapor distribution in the atmosphere, onthe statistical band model, and on the absorption coefficients kg and kp. For this reason the magnitude of K(7.)
can change with the choice of the model and the parameters used in the calculations. However it is found that for a realistic combination of parameters, the transmission function 7 (v) varies in a nearly linear fashion with respect to path length w. This property is exploited in the present study.
THEORY
In a cloud-free, non scattering atmosphere under local thermodynamic equilibrium, the radiative transfer equation for the upwelling intensity I (u) may be written as
where Po and p are surface pressure and pressure at any height (mb) respectively, v is the wave number (cm-'),
T is the temperature (K),
T s is the surface temperature (K), B is the Planck intensity (erg cm-1 ster-1 s 1),
T is the transmission from any pressure level p to the top of the atmosphere.
The surface emissivity in equation (8) is assumed to be unity.
The above equation may be simplified as
where B(v) is the weighted mean Planck emission of the atmosphere
Substituting equation (7) into equation (9),.we get
where A = w [1 -E(T(p) -296)] is a constant for a given atmosphere, independent of wave number.
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The Planck function B can be expanded about the surface temperature T.
with only the linear terms retained to yield aB(v, Ts) 
where T(v) is the brightness temperature and T(v) is the equivalent radiative temperature of the atmosphere.
Equation ( 
where 8 = A [T -T(v)] is a constant for a given atmosphere.
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Now if we know the brightness temperature T(v) in at least two spectral regions, which have appreciable difference in K(v), equation (14) can be used to estimate the sea surface temperature T s . This formulation does not require explicitly either the temperature and humidity distribution in the atmosphere, or the temperature and pressure dependence of the absorption coefficients.
RESULTS AND DISCUSSION
The Nimbus 4 IRIS had a-95 km field of view, 2.8 cm-1 spectral resolution and noise equivalent radiance of about 0.5 erg cm -' ster -' s -' (Hanel et al., 1972) . These high spectral resolution data reveal the influence of numerous water vapor absorption lines, which are strong in the tropics and decrease in strength at high latitudes. In addition these spectra indicate that the brightness temperature increases steadily from about 775 cm -1 to 960 cm -1 . This is illustrated in Fig. 2 where a few spectra selected over cloud-free ocean are
shown. The cloud-free condition is inferred from the Nimbus 4 Image Dissector Camera System (IDCS) pictures (Sabatini, 1970) . This procedure is somewhat subjective and is not practical for collecting a large sample of cloud-free spectra. A small sample of 8 clear sky spectra was selected where sea surface temperature was available from ship measurements. The mean brightness temperature corresponding to each one of the spectral channels 775-831, 831-887 and 887-960 cm ' is listed in Table 3 . From this sample of IRIS data and the corresponding observed sea surface temperature, one can determine the relative values of the three absorption coefficients K(v) from equation (14) Table 4 Relative absorption coefficient (g-1 cm 2 ) for the three window channels the three spectral intervals. A first guess for these coefficients is derived from the synthetic transmission function illustrated in Figure la and these values are then adjusted to give a best fit to the data of Table 3 . These values of K(v) are listed in Table 4 . In Fig. 3 a plot of the measured brightness temperatures versus K(v) for the 8 cases is presented to show the degree of linearity in the observed data.
The advantage of using the method presented here to determine the SST is that it is inherently capable of taking into account the effects of water vapor and temperature profiles satisfactorily. This capability is particularly necessary in measuring the SST with meaningful accuracy over the tropics where the water vapor absorption correction is large and quite variable in time and space. To demonstrate this point a set of 6 cloud free Nimbus IRIS spectra from one orbit, Figure 3 . IRIS window brightness temperature versus relative absorption coefficient. The scheme presented here can be adopted to any existing sea surface temperature measurement program, based on one window channel, by adding one more channel in the window.
